Introduction
With aging, concerns grow regarding cognitive performance, often with regard to declines in long-term memory (LTM). These concerns apply not only to healthy aging but also to those with brain injury or other neurodegenerative disorders as they often present with LTM difficulties (Charlton et al. 2010 (Charlton et al. , 2013 Ishihara et al. 2002; Mitchell and Schmitt 2006; Wais and Gazzaley 2014) . With the increasing aging baby boomer population, the rate of Alzheimer's and other memory disorders is on the rise. Due to this increase, finding ways in which LTM deficits can be ameliorated is vital to this growing threat. One such technique is neurostimulation, such as transcranial direct current stimulation (tDCS).
TDCS has practical translational potential because it is safe (Nitsche et al. 2003a ), well tolerated (Kessler et al. 2012) , and more affordable than other techniques, such as transcranial magnetic stimulation (TMS). TDCS involves applying small amounts (1-2 mA) of electric current to scalp electrodes to modulate the excitability of underlying neurons (Antal et al. 2004; Nitsche and Paulus 2000; Paulus 2011; Rosenkranz et al. 2000; Stagg and Nitsche 2011) . Anodal tDCS is associated with depolarizing the resting state of neuron membrane potentials directly under the electrode, and cathodal tDCS is associated with the opposite, hyperpolarizing neurons (Wagner et al. 2007 ). Importantly, tDCS has been used in patient populations and has shown benefits in treating depression (Brunoni et al. 2011; Fregni et al. 2006) , reducing episodic memory deficits in Abstract Neurostimulation, e.g., transcranial direct current stimulation (tDCS), shows promise as an effective cognitive intervention. In spite of low spatial resolution, limited penetration, and temporary influence, evidence highlights tDCS-linked cognitive benefits in a range of cognitive domains. The left posterior parietal cortex (PPC) is an accessible node in frontoparietal networks engaged during long-term memory (LTM). Here, we tested the hypothesis that tDCS can facilitate LTM by pairing LTM encoding and retrieval with PPC stimulation. Healthy young adults performed a verbal LTM task (California Verbal Learning Task) with four different stimulation parameters. In Experiment 1, we applied tDCS to left PPC during LTM encoding. In Experiment 2, we applied tDCS just prior to retrieval to test the temporal specificity of tDCS during a LTM task.
In later experiments, we tested hemispheric specificity by replicating Experiment 1 while stimulating the right PPC. Experiment 1 showed that tDCS applied during LTM encoding improved the pace of list learning and enhanced retrieval after a short delay. Experiment 2 indicated anodal left PPC tDCS only improved LTM when applied during encoding, and not during maintenance. Experiments 3 and 4 confirmed that tDCS effects were hemisphere specific and that no effects were found after right PPC stimulation during encoding. These findings indicate that anodal tDCS to the PPC helps verbal LTM in healthy young adults under certain conditions. First, when it is applied to the left, not the right, PPC and second, when it is applied during encoding.
Alzheimer's ) and Parkinson's diseases , ameliorating aphasia (Baker et al. 2010; Fridriksson et al. 2011; Monti et al. 2008) , and improving post-stroke motor function (Fregni et al. 2005; Kim et al. 2009; Suzuki et al. 2012) .
Recent studies show that LTM can benefit from tDCS, specifically when applied to the dorsolateral prefrontal cortex (DLPFC). For example, Javadi and colleagues applied anodal (excitatory current), cathodal (inhibitory current), and sham tDCS to the left DLPFC to test modulation of LTM encoding, consolidation, and retrieval. They first reported that short pulses of anodal tDCS during encoding improved LTM, whereas cathodal tDCS during encoding impaired LTM . These benefits were specific to application during encoding, as tDCS applied at retrieval resulted in no change (anodal tDCS) or impaired LTM performance (cathodal tDCS). This finding was extended in a second verbal LTM study during which participants encoded word lists and 3 h later performed an old-new recognition test (Javadi and Cheng 2013) . During this recognition test, participants received sham, anodal, or cathodal tDCS and after a delay of 5 h, completed a second old-new recognition test. The group that received anodal stimulation performed significantly better than the cathodal or sham groups. Furthermore, a second control group did not participate in the second old-new recognition session after 3 h and showed no benefit of anodal stimulation. Thus, recent studies pairing tDCS with LTM studies demonstrate memory improvement.
As discussed above, the DLPFC has been often studied for its contribution to LTM through the use of tDCS. However, across a range of tasks and experimental techniques, converging evidence also supports the functional involvement of the posterior parietal cortex (PPC) in episodic or long-term memory (reviewed in: (Berryhill 2012; Cabeza 2008; Cabeza et al. 2008 Cabeza et al. , 2012 Ciaramelli et al. 2008; Olson and Berryhill 2009; Vilberg and Rugg 2008; Wagner et al. 2005) . One particularly robust example from the fMRI literature is known as the parietal old/new effect due to stronger PPC activity following the endorsement of a probe item as 'old,' when compared to 'new' endorsements (reviewed in: (Cabeza 2008; Naghavi and Nyberg 2005; Wagner et al. 2005 ). Yet, the nature and extent of PPC contributions to memory remain unclear. Investigations have reported PPC involvement during various stages of LTM, including encoding (Daselaar et al. 2004; Kim 2011; Uncapher et al. 2011; Wagner 2009) and retrieval (Dobbins et al. 2003; Elman et al. 2012a, b; Herron et al. 2004; Konishi et al. 2000; Seibert et al. 2011; Sestieri et al. 2011; Tulving 1985; Xue et al. 2010 ). These neuroimaging findings point toward the PPC having a role throughout LTM encoding and retrieval.
Neurostimulation methodologies, such as tDCS, are well situated to evaluate the role of the PPC in LTM. Importantly, tDCS avoids the problems with neuropsychological research and the correlative nature of fMRI. It is of no surprise that the PPC has been targeted in LTM paradigms with tDCS previously. Jacobson and colleagues applied tDCS to bilateral PPC sites during verbal LTM encoding and found clear modulatory effects that depended on the direction of current flow. When the montage was anodal left/cathodal right, they observed improved LTM encoding, whereas the opposite montage worsened LTM performance (Jacobson et al. 2012) . One other study found that anodal tDCS to either the left or right PFC or PPC applied during LTM retrieval facilitated verbal LTM in younger adults (Manenti et al. 2013) . In older adults, LTM only benefited from tDCS applied to left PFC or PPC, but not when it was applied to the right-sided homologues. Taken together, these findings show that anodal tDCS to multiple regions can improve LTM performance.
Here, we investigated novel interrelated questions regarding the temporal and spatial sensitivity of tDCS effects on LTM. First, we tested whether unilateral anodal tDCS to the left PPC would also modulate LTM encoding, as predicted by earlier results showing benefits after bilateral tDCS (Jacobson et al. 2012 ). Second, we tested whether positive effects were temporally constrained to encoding or whether they extended to LTM retrieval. Finally, we tested the polarity specificity of tDCS effects by applying anodal and cathodal stimulation to the right PPC during the verbal LTM task. Across studies, we used a well-known verbal LTM test: the California Verbal Learning Test (CVLT, (Delis et al. 2000) . The CVLT evaluates participants' ability to learn and retain a structured list of items (four exemplars of four semantic categories) tested with and without interference and probed after various delay durations. We also included a visuospatial n-back task as a filler task, drawing on right-lateralized neural activity (Courtney et al. 1996; McCarthy et al. 1996; Smith et al. 1995 ) that would be unlikely to interfere with verbal LTM.
Experiment 1
Experiment 1 tested whether anodal tDCS to the left PPC would improve LTM, in particular LTM encoding and/ or retrieval. We included two testing sessions: sham and anodal tDCS based on several studies reporting improved performance only after anodal tDCS (Javadi and Cheng 2013; . We predicted that LTM encoding would benefit from anodal stimulation to the left PPC. We remained agnostic as to effects at retrieval. 
Methods

Participants
TDCS protocol
There were two counterbalanced sessions: anodal tDCS (active) and sham (control condition). In both conditions, one electrode was placed over the left parietal cortex at the left PPC (P3, International 10-20 EEG system), and the reference electrode was placed on the contralateral cheek. This reference site has been successfully used in a number of studies Berryhill et al. 2010; Elmer et al. 2009; Hsu et al. 2011; Jones and Berryhill 2012; Marshall et al. 2005; Tanoue et al. 2012; Tseng et al. 2012; Zaehle et al. 2011) . Anodal stimulation consisted of 15 min of continuous direct current (1.5 mA) delivered by a battery-driven continuous stimulator (Eldith MagStim, GmbH, Ilmenau, Germany). We previously applied 10 min of stimulation in our studies using tDCS Berryhill et al. 2010; Jones and Berryhill 2012; Tanoue et al. 2012) ; however, in the current study, we increased the length to 15 min. This was done to allow for more time to overlap with the list-learning portion of the study (Experiments 1, 3, and 4) as well as fill more of the maintenance stage in Experiment 2.
Current was delivered through two 5 × 7 cm 2 electrodes housed in saline-soaked sponges. During sham stimulation, participants received 20 s of stimulation at the start and end of the 15-min stimulation period. This provides sensory stimulation due to current change without sufficient stimulation to alter cortical excitability. This is an effective method for keeping participants blind to the condition (Gandiga et al. 2006) . During the stimulation/delay period, participants were given task instructions. After ten minutes of stimulation, the CVLT task began, although five minutes of stimulation remained. Previous tDCS research employs concurrent stimulation with experimental tasks and found beneficial results de Vries et al. 2010; Floel et al. 2012; Ross et al. 2010; Wirth et al. 2011) . The effects of tDCS last are thought to last approximately 1 h (Nitsche et al. 2003a; Paulus 2000, 2001; Ohn et al. 2008 ). All tDCS sessions included a washout period of at least 24 h.
California Verbal Learning Test (CVLT)
Testing protocol The CVLT (2nd edition, San Antonio, Texas (Delis et al. 2000) proceeds in stages, summarized as follows. The same experimenter presented all verbal lists at the same rate (1 word per second) and inflection for each participant. Participants first heard List A (16 words) spoken aloud by the experimenter followed by a verbal free recall test. These two steps comprised a trial and were repeated for a total of five trials with List A. Participants then heard a new list, List B one time and performed free recall for List B words. Participants then were asked to report all items from List A only without hearing it repeated. This test served as a test of short-delay free recall (SDFR). Following a delay period of 20 min, participants performed a test of long-delay free recall (LDFR) for List A items. Participants then completed a yes/no recognition test for List A in which 16 of 48 items were target words. A maximum free recall score for any of these components (trials 1-5, SDFR, LDFR) was 16 items. Finally, in Experiment 1, we also included the 2-alternative forced-choice recognition task with 16 pairs of words. The two normed versions of the CVLT were used in counterbalanced order across participants.
During the post-SDFR (20 min) and post-LDFR (10 min) delay periods of the CVLT, participants completed a spatial 2-back working memory task (post-SDFR: 495 trials, 330 nontargets and 165 targets; post-LDFR: 225 trials, 150 nontargets and 75 targets); see Fig. 1 . The spatial 2-back task was chosen because it was unlikely to interfere with CVLT performance. Previous research has found that right PPC anodal tDCS increases visual search and attention skills (Bolognini et al. 2010) , which should be seen in tDCS-related changes to 2-back performance in the current study (Experiment 3 and 4). The first 2-back task phase took place during the delay periods within the CVLT. The spatial 2-back used uniform green circles (1.5° of visual angle) as stimuli. Circles marked to-be-remembered locations (500 ms) and were followed by a blank ISI (3,000 ms). Participants made speeded button press responses to indicate whether the current location matched the location presented two items previously.
Analysis The CVLT provides many measures of which only a subset was calculated. To assess the effect of tDCS during encoding, the most appropriate measure was the rate of learning as measured by learning slope for trials 1-5. Greater slopes indicate a faster learning rate, and the formula was taken from the CVLT manual [(sum # list A trials × total number words recalled) − ((sum # list A trials) × (total number of words recalled)/number of trials)/ (sum of number of trials 2 ) − ((sum number of trials) 2 )/number of trials))]. We also compared total number of words recalled for trials 1-5, as well as on trial 5 to determine whether overall LTM achievement differed. Because the effects of tDCS at encoding might have also lead to later performance changes, we also investigated several measures of recall: short-delay free recall (SDFR), long-delay free recall (LDFR), and yes/no recognition; see Fig. 1 . Finally, we also examined the 2-back WM task performance to provide an indication of the specificity of any tDCS effects.
Results
The first question was to identify whether anodal tDCS to the left PPC during encoding enhanced verbal LTM. We assessed the rate of learning by examining the learning slope across the first five trials. A paired-samples t test indicated that the learning slope after anodal tDCS [mean (standard deviation): 1.79 (.46)] was significantly greater than the learning slope after sham stimulation ( Fig. 2; 1 .36 (.51), t 19 = 3.07, p < .01, r 2 = .33). In other words, participants acquired List A items more quickly following anodal tDCS to the left PPC than when they received sham stimulation. Another analysis assessed whether tDCS to the left PPC enhanced LTM capacity. However, participants did not achieve a higher overall level of LTM performance in terms of the total number of words recalled on List A after five trials [sham: 56.25 (9.25) 
Discussion
Experiment 1 showed that anodal tDCS applied to the left PPC during encoding modulated several measures of LTM. Anodal tDCS enhanced the pace of list learning. Yet, there were no differences in the total number of words recalled on List A. In other words, the anodal tDCS accelerated the acquisition of word list items, but it did not change the end point. Effects extended to retrieval, as well. During anodal, and not during sham tDCS, encoding showed improved performance on short-delay free recall (SDFR). These benefits were time limited and did not extend to LDFR. One limitation of the yes/no recognition task is that participants' performance was at ceiling. These data provide support for the view that anodal tDCS to the left PPC enhances LTM by helping participants reach their maximal performance with fewer trials. Fig. 1 Experimental protocol of Experiments 1, 2, 3, and 4. Experiments 1, 3, and 4 had participants receive stimulation (15 min) before and during the word list-encoding portion of the CVLT. Participants completed spatial 2-back tasks during the CVLT delay periods, which followed the short-delay free recall (SDFR) and long-delay free recall (LDFR). Experiment 2 had participants receive stimulation (15 min) during the 20 min spatial 2-back before the LDFR. The forced-choice (FC) recognition portion of the CVLT was not included in Experiments 2, 3, and 4 because participants performed uniformly at ceiling in Experiment 1
Experiment 2
To test the temporal specificity of tDCS effects, we next applied left PPC tDCS at a later time point after encoding, but before LDFR. One possibility we considered was that we might have missed tDCS-linked changes to LTM if the effects of tDCS wore off before they were tested. If left PPC tDCS effects are specific to the encoding process, we expected to see no change in LDFR. In contrast, if tDCS simply provides some general LTM enhancement due to increased excitability, we expect to see improved LDFR performance when tDCS is applied later.
Methods
Participants
Twenty new neurotypical, native English speaking, righthanded University of Nevada students (mean age 22.20, SD 2.46, 14 females) participated following the same screening and approval procedures described above.
TDCS protocol
Experiment 2 followed the protocol described in Experiment 1, with an alteration in the timing of tDCS administration. TDCS was administered during the delay period after the SDFR phase; see Fig. 1 . The tDCS setup time and 15 min of stimulation filled the 20-minute delay period before participants performed the LDFR, while they performed the 2-back WM task. We also eliminated the 2-alternative forced-choice procedure at the end of the CVLT because our healthy participants performed at ceiling.
Results
Here, we were interested in testing whether tDCS effects were temporally constrained to the encoding phase, or whether general benefits would emerge. Applying tDCS after encoding but before LDFR resulted in no change in performance [anodal: 12.60 Discussion Experiment 2 showed that tDCS to the left PPC must be applied during encoding to provide a LTM benefit. The data revealed no effect of later tDCS on LTM retrieval. In other words, the effects were temporally constrained to encoding and did not generalize to other phases of LTM. Thus, these data point toward a temporally specific influence of tDCS. We next investigated hemispheric specificity.
Experiment 3
A potential concern when using tDCS is that current flows diffusely through the brain, and it can be difficult to associate the location of stimulation with behavioral effects. The purpose of Experiment 3 was to test whether the LTM benefits observed in Experiment 1 were due to general stimulation, or whether they were specific to stimulation in the left PPC. As such, we replicated the CVLT, but stimulated the right PPC during encoding. If the findings in Experiment 1 were simply due to stimulation in general, then we predicted we would replicate the enhanced learning rate and SDFR findings previously observed. However, if the Experiment 1 effects were due to left PPC stimulation, stimulating the right PPC should not alter LTM performance.
Participants
Twenty new neurotypical, native English speaking, righthanded University of Nevada students (mean age 21.05, SD 1.61, 14 females) participated following the same screening and approval procedures described above.
Methods
Experiment 3 replicated the procedure described for Experiment 1 with one change. The anodal electrode placement was on the right PPC (P4) with the cathodal electrode placed on the contralateral cheek.
Results
We replicated the analyses conducted in Experiment 1, beginning with calculating learning rate and SDFR. There were no significant differences in learning rate . In summary, anodal tDCS to the right PPC did not enhance performance on the spatial 2-back task and had no effect on LTM.
Discussion
Experiment 3 tested whether the tDCS effects observed in Experiment 1 were due to a general effect of tDCS, or whether they were specific to left PPC stimulation. The results revealed that anodal tDCS to the right PPC during encoding did not modulate verbal LTM as was the case with left PPC stimulation in Experiment 1. Consequently, the previous positive findings were due hemisphere-specific stimulation as only left hemisphere stimulation improved LTM encoding in the current results and other studies (Javadi and Cheng 2013; .
Experiment 4
One unknown with using tDCS in cognitive tasks of different types is whether the direction of current flow will pose equal and opposite effects, as in motor cortex, or more variable patterns, as has been previously noted (Jacobson et al. 2012) . The purpose of Experiment 4 was to test whether the LTM benefits observed in Experiment 1 were specific to anodal tDCS, or whether the same pattern could be elicited by cathodal tDCS to the opposite hemisphere due to interhemispheric competition (see relevant review on tDCS in aphasia ). As such, we changed the stimulation at the right PPC to cathodal, rather than anodal stimulation. If the anodal left PPC protocol is essential to eliciting improved CVLT performance, we expected to see no beneficial effect of cathodal right PPC stimulation.
Participants
Twenty new neurotypical, native English speaking, righthanded University of Nevada students (mean age 21.40, SD 2.39, 13 Females) participated following the same screening and approval procedures described above.
Methods
Experiment 4 replicated the procedure described for Experiment 3 with one change. The electrode placement was the same (P4); however, the electrodes switched locations.
The cathodal electrode was over the right PPC, and the anodal electrode was placed on the contralateral cheek. The same experimenter read the CVLT lists across all four Experiments.
Results
We replicated the analyses conducted in the other Experiments, beginning with calculating learning rate and SDFR. There were no significant differences in learning rate 
Discussion
Experiment 4 tested whether the tDCS effects observed in Experiments 1 and 3 were due to a general effect of tDCS, or whether they were specific to stimulation type and location. The results revealed that cathodal tDCS to the right PPC during encoding did not modulate verbal LTM. These data provide additional supporting control data demonstrating that the effects observed in Experiment 1 were specific to anodal left PPC tDCS during encoding and could not be replicated by suppressing the contralateral homologue. Cathodal stimulation had no effect on the post-SDFR spatial 2-back performance; however, it improved performance on the post-LDFR, which took place last in testing.
General discussion
Here, we tested whether tDCS applied unilaterally to the left PPC would improve verbal LTM. Experiment 1 showed that stimulation applied during encoding accelerated list learning and short-delay free recall. Thus, both encoding and early retrieval stages of LTM improved with a single session of anodal tDCS to the left PPC. In contrast, tDCS did not raise the ceiling on LTM performance; it simply allowed participants to reach peak performance faster. This may be helpful for expediting verbal learning paradigms of all types because it reduces the length of training required to reach maximal performance. It also may be relevant in clinical populations showing memory problems that require additional mnemonic support to maintain function, for instance, those with mild cognitive impairment or traumatic brain injury. Future work is also needed to determine whether special populations garner greater benefits than healthy young adults because they are further from ceiling. In addition, there was no difference in LTM retrieval after a long delay. Importantly, the encoding benefits induced by left PPC stimulation were temporally limited and hemisphere specific. Experiment 2 tested whether stimulation just prior to the long delay would enhance LTM retrieval. There was no effect of tDCS on long-delay free recall. In other words, delaying the application of tDCS did not enhance later retrieval, suggesting that any tDCS-linked LTM benefits were temporally limited to the encoding phase. Experiment 3 and 4 showed that the effect of tDCS on LTM encoding was specific to left PPC stimulation because stimulating the right PPC had no effect on LTM encoding rate or SDFR, regardless of stimulation type. The current findings demonstrate that the left PPC is involved in verbal LTM encoding through the use of targeted anodal tDCS. Furthermore, the results of Experiment 2 demonstrate that the PPC is sensitive to neurostimulation during encoding, and not later retrieval. To summarize, only the left anodal PPC tDCS during encoding, and not retrieval, had any effect on the various LTM tasks in the CVLT.
TDCS and LTM
Neurostimulation shows potential for cognitive maintenance (reviewed in: (Jacobson et al. 2012; Reis et al. 2008) because of its strong safety record (Agnew and McCreery 1987; Nitsche et al. 2003a; Nitsche and Paulus 2011) and relatively low cost. In spite of this potential, tDCS has several limitations, including low spatial specificity, generally temporary effects, and an underlying mechanism that remains unclear. However, in spite of these limitations, researchers have moved forward and found tDCS-related LTM benefits after bilateral PPC (Jacobson et al. 2012; Manenti et al. 2013) , bilateral DLPFC Manenti et al. 2013) , unilateral DLPFC Manenti et al. 2013) , unilateral PPC (Manenti et al. 2013; Meinzer et al. 2014) , and unilateral anterior temporal lobe stimulation (Ross et al. 2010 (Ross et al. , 2011 . All of these studies include a verbal component-primarily list learning, with the exception of the Ross studies, which tested associative memory for face/name and place/ name pairs. We extend these findings by demonstrating that unilateral anodal left PPC tDCS applied at encoding also enhances LTM by speeding the rate at which items are encoded. We would not expect a facilitatory effect of left PPC stimulation on spatial WM to the extent we see in verbal LTM here. However, when we consider statedependent effects of tDCS, a change in spatial WM is also expected with stimulation of the right PPC (Experiment 4). One of the unexpected aspects of these results was that unilateral left PPC stimulation facilitated two distinct aspects of LTM: encoding and short-delay retrieval. This is surprising for several reasons. First, with regard to PPC activations during LTM encoding, fMRI shows that stronger superior PPC activity predicted retrieval success, but inferior PPC activity predicted retrieval failure (Daselaar et al. 2004; Kim 2011; Uncapher et al. 2011; Uncapher and Wagner 2009 ). One possibility is that our stimulation sites (left PPC: P3 and right PPC: P4) provided more stimulation to the superior parietal lobe than to inferior parietal regions. However, during LTM retrieval, fMRI shows that activation of inferior parietal regions are associated with retrieval success (reviewed in: (Cabeza 2008; Naghavi and Nyberg 2005; Rugg and Vilberg 2013; Vilberg and Rugg 2008; Wagner et al. 2005 ) and confidence judgments (as reviewed in (Olson and Berryhill 2009 ). However, this interpretation is difficult to endorse because tDCS is diffuse and cannot precisely target subregions of the PPC. There is much to learn regarding how various stimulation paradigms and electrode montages elicit LTM benefits. TDCS stimulates broad networks such that stimulating one node elicits distal stimulation as well (Shahid et al. 2013 ). This may explain why frontoparietal stimulation to either the DLPFC or PPC improves LTM, as both regions are connected to each other and with medial temporal lobe structures, which are essential to LTM [e.g., cingulum bundle, inferior longitudinal fasciculus (Seltzer and Pandya 1984) ]. Thus, although tDCS has a limited direct spatial reach, it may be able to modulate deeper structures based on brain connectivity. Continued refinement of the tDCS technique will clarify these unknowns.
It is also important to note the advances in tDCS protocols that do show clinical and long-term benefits. For tDCS to serve a translational role, interventions must be longer lasting. As discussed in the introduction, tDCS treatments show efficacy in treating aphasia (reviewed in: Hamilton et al. 2011) , depression (Brunoni et al. 2011; Fregni et al. 2006) , and motor function after stroke (Hummel et al. 2008; Kim et al. 2009 Kim et al. , 2010 Suzuki et al. 2012) . Indeed, in several cases, a single session of tDCS has been associated with performance benefits lasting 1 month in cases of fibromyalgia (Valle et al. 2009 ) and Alzheimer's disease (Boggio et al. 2012) as well as 1 year in healthy adults (Dockery et al. 2009 ) and patients with aphasia . Longitudinal studies show that multiple sessions of tDCS can improve performance in a variety of tasks for a longer period of time. For example, five sessions of anodal tDCS to the left PPC improved verbal LTM at follow-up a week later (Meinzer et al. 2014) , and ten sessions of bilateral PFC tDCS paired with working memory training sustained benefits a month later (Park et al. 2014) . These emerging findings suggest that tDCS may be useful in eliciting long-term benefits, with no known negative side effects. Future work combining tDCS with other methods will be needed to clarify the underlying mechanism(s) of these effects and how they can best apply on an individual basis, based on cognitive task basis.
Hemispheric effects: PPC involvement in verbal LTM and spatial WM
In the first two experiments, we expected a benefit of anodal tDCS to the left PPC on the verbal LTM task, but not on the spatial 2-back WM task. This WM task was chosen to occupy the delay periods in the CVLT without providing verbal interference. In these left-lateralized stimulation experiments, there was no effect of tDCS on WM performance. We predicted that the right PPC anodal stimulation used in Experiment 3 would reveal WM improvement due to the spatial aspect of the task. However, there was no improvement during both the post-SDFR and post-LDFR phase. Cathodal stimulation to right PPC showed increased performance on the WM task in Experiment 4. Interestingly, only post-LDFR phase WM task performance was benefited from the stimulation. Better spatial performance improvements have been shown with only right PPC anodal tDCS (Bolognini et al. 2010) , while worse visual WM performance have been shown with right PPC cathodal tDCS (Berryhill et al. 2010 ). These studies suggest that there is certainly a relationship between visual WM performance and right PPC. Our results are consistent with the Bolognini results since we also did not observe spatial WM improvement with left PPC stimulation. However, we failed to see improved spatial WM performance with anodal right PPC stimulation. Other studies also have demonstrated the involvement of the right PPC in spatial WM by applying inhibitory TMS, which increased spatial WM reaction times (Hamidi et al. 2008; Kessels et al. 2000; Oliveri et al. 2001; Yamanaka et al. 2010 ). Our results contradict with previous studies since we observed spatial WM improvement with only cathodal stimulation to right PPC. One important difference between previous studies and current result is the temporal characteristics of the stimulation. Both of post-SDFR and post-LDFR phases, in which the spatial WM task was given, were 10 and 30 min after the stimulation in Experiments 3 and 4. The nonsignificant performance difference between anodal and sham right PPC stimulation result in Experiment 3 may be due to this temporal delay since tDCS effects are known to be short lived and temporal specific (Nitsche et al. 2003a, b; Paulus 2000, 2001; Ohn et al. 2008) . On the other hand, the significant performance difference between cathodal and sham right PPC stimulation in Experiment 4 may be a result of state-dependent effects of stimulation as seen in TMS studies (Cattaneo et al. 2008) . The finding of only right PPC tDCS affecting the spatial 2-back task also supports the assumed specialization of the right hemisphere in spatial processing. While we did not find an effect of anodal tDCS, previous studies have found cathodal benefit on WM following right PPC stimulation in some participants .
Given the finding that only left PPC anodal tDCS during encoding affected LTM performance, a question arises as to how tDCS applied to Broca's area would affect performance. Several studies have already applied tDCS to Broca's area in patients following stroke and found beneficial effects in language recovery (Fiori et al. 2013; Monti et al. 2008) ; however, one study found no benefit (Polanowska et al. 2013) . These studies, taken with the current findings, support the use of anodal tDCS to both the left PFC and PPC to enhance LTM skills. Furthermore, stimulation of one region may also result in facilitation effects in the other region due to connectivity between the PFC and PPC (Geschwind 1965) . The benefit will certainly be larger in patient populations, such as those cited here, as compared to neurotypical individuals. Continuing to pair rehabilitation techniques with neurostimulation will likely have the greatest beneficial impact on patient populations who suffer from aphasia.
Limitations
Finally, we note several limitations of the current study. First, the CVLT is a standardized neuropsychological test designed for use in patient populations. As such, some of the measures (e.g., old/new recognition) were too easy for our healthy graduate and undergraduate student participants. Previous work suggests that tDCS effects can matter most when tasks are difficult . Consequently, more difficult LTM tasks might be essential to developing tDCS-based interventions designed to maintain LTM. Second, one potential confound is that enhanced verbal WM may contribute to the enhanced encoding rate and retrieval gains on the SDFR. There were no general effects on the spatial 2-back WM task to suggest a general WM benefit, and we deliberately selected a spatial (nonverbal) task to prevent interference with the list-learning focus of the CVLT. Even if WM were facilitated, it would be difficult to account for the SDFR findings because participants would have had to actively rehearse the List A items in WM for at least 2 min. This strategy, while onerous, remains a possibility. Another concern is the use of a spatial WM task as a filler task. Active stimulation may have affected the state of PPC during the spatial WM task, as seen in TMS studies (Cattaneo et al. 2008) . However, only Experiment 2 had tDCS administered concurrently with the spatial 2-back task. In the other three experiments, the spatial WM task was administered after the encoding and SDFR portions of the CVLT and the application of tDCS. Still, we must be careful and take into account these state-dependent effects of PPC, as we cannot know how tDCS alters the state of PPC.
Future investigations will need to more carefully parse the underlying contribution of tDCS left PPC to verbal LTM encoding, and right PPC to working memory. Future research in LTM enhancement should continue to develop tDCS paradigms that show benefits. Furthermore, understanding the LTM contributions of specific regions within the PPC will allow for more targeted neurostimulation aimed at improving performance in healthy and clinical populations.
